Introduction {#bit26026-sec-0002}
============

Cancer remains a major health concern throughout the world and is the second leading cause of death in the United States, with more than 1.5 million new cases and over 500,000 deaths each year (Siegel et al., [2015](#bit26026-bib-0061){ref-type="ref"}). Among the various forms of cancer, prostate, breast, lung, and colon are the most common. Treatment of cancer remains complex due to substantial phenotypic variations based on underlying genotypic differences found among cancers of the same tissue type. Breast cancers, for example, are categorized into the groups luminal A and B, basal, claudin‐low, and HER2, each of which have further subtypes with specialized treatment modalities, including ones based on cell surface receptors (Holliday and Speirs, [2011](#bit26026-bib-0026){ref-type="ref"}). Cell surface targeted treatments for cancer include transtuzumab (Herceptin®), a monoclonal antibody that is targeted to HER2 and cetuximab (Erbitux®), a monoclonal antibody targeted to epidermal growth factor receptor (EGFR). EGFR is sometimes present in breast cancers lacking progesterone receptor (PR), estrogen receptor (ER), and HER2, which are known as triple negative breast cancers. EGFR is correlated with a more rapid time to progression and lower post‐relapse survival in patients that respond to primary therapy (Tsutsui et al., [2002](#bit26026-bib-0068){ref-type="ref"}). Overall, efficacy of antitumor therapies targeted to these surface receptors remains moderate, with chemotherapy and antibody resistances among the factors that limit long‐term effectiveness, indicating that development of alternative therapies are needed.

Historically, there are a number of reports suggesting that natural bacterial infections can have beneficial, even curative, effects on malignant tumors (reviewed by Nauts, [1976](#bit26026-bib-0047){ref-type="ref"}). Among the live bacteria now implicated with potentially positive therapeutic effects against cancer is *Salmonella*, which is currently being studied by a number of investigators for its tumor‐targeted properties (see Forbes, [2010](#bit26026-bib-0022){ref-type="ref"} and Hoffman, [2015](#bit26026-bib-0025){ref-type="ref"} for reviews). Remarkably, attenuated strains of *Salmonella* preferentially grow in tumor tissue greater than 1000‐fold compared to normal healthy tissue, creating a tumor‐localized infection (Low et al., [1999](#bit26026-bib-0039){ref-type="ref"}; Pawelek et al., [1997](#bit26026-bib-0050){ref-type="ref"}, [2003](#bit26026-bib-0051){ref-type="ref"}). In studies using mice, *Salmonella* preferentially grow within all major forms of solid tumors, including prostate, breast, lung, and colon tumors, presenting the opportunity to develop a broadly effective cancer treatment. However, in a human clinical study of lipid‐modified *Salmonella* strain VNP20009 on patients with melanoma ([ClinicalTrials.gov](http://ClinicalTrials.gov) Identifier NCT00004988; Toso et al., [2002](#bit26026-bib-0066){ref-type="ref"}), there was no antitumor activity, even in patients that were confirmed to have the bacteria in their tumors. Despite the lack of success in humans, VNP20009 was shown to be effective against spontaneous neoplasms in dogs, including four complete responses and an overall response rate of 42% (Thamm et al., [2005](#bit26026-bib-0064){ref-type="ref"}).

Tumor inhibition associated with bacterial colonization may arise from multiple factors. The tumor inhibition observed likely includes effects from the immune system, including CD8^+^ cytotoxic lymphocytes (Avogadri et al., [2005](#bit26026-bib-0002){ref-type="ref"}; Saltzman, [2005](#bit26026-bib-0054){ref-type="ref"}; Saltzman et al., [1997](#bit26026-bib-0055){ref-type="ref"}) and TNFα (Leschner et al., [2009](#bit26026-bib-0035){ref-type="ref"}). By comparing the studies in murine and canine systems with those in humans, it now appears that the antitumor effects in mice and dogs either do not occur or are insufficient to suppress tumor growth in humans. Thus in humans, although the bacteria may be at a high concentration within the tumor, few tumor cells are eliminated. Although antitumor efficacy was not demonstrated, the human clinical study did establish that the bacteria can safely localize within tumors, and therefore have the potential to deliver therapeutics such as proteins or nucleic acids. The purpose of this study was to assess the ability of *Salmonella* strain VNP20009 to heterologously express chimeric bacterial toxins targeted to a receptor over‐expressed on the surface of some forms of malignant cancer cells in order to increase the ability of the bacteria to kill tumor cells.

*Pseudomonas* exotoxin A (ToxA or PE) is an ADP ribosylating toxin that has undergone extensive evaluation as the effector component of molecularly targeted toxins, with numerous studies by Pastan and co‐workers demonstrating its potential (see Weldon and Pastan, [2011](#bit26026-bib-0070){ref-type="ref"} for a review). The fundamental premise of those studies is the replacement of the naturally occurring mammalian cell‐binding domain of the toxin with a ligand that is specific for an internalizing receptor overexpressed on cancer cells. EGFR (HER1) and its ligand tumor growth factor alpha (TGFα) is one of the most widely studied cancer cell receptor/ligand complexes. Multiple forms of ToxA chimeras have previously been generated that are capable of specifically killing cancer cells overexpressing EGFR. One of the early constructs had the binding domain Ia (DIa; amino acids 1‐252 of the mature peptide as numbered following cleavage of the signal sequence) deleted and substituted with the epidermal growth factor receptor (EGFR) ligand TGFα fused to the remaining domains II, Ib, and III consisting of amino acids 253‐613 and was designated TGFα‐PE40 (Chaudhary et al., [1987](#bit26026-bib-0007){ref-type="ref"}; Siegall et al., [1989b](#bit26026-bib-0060){ref-type="ref"}). A reduction of a portion of PE40 by removal of amino acids 365‐380 from domain Ib (DIb) was used to generate PE38 (Siegall et al., [1989a](#bit26026-bib-0059){ref-type="ref"}), which exhibited increased cytotoxicity to cancer cells. Deletion of DIa and part of domain II (DII; amino acids 253‐279) resulted in the PE35/TGFαKDEL truncation that further increased cytotoxicity (Theuer et al., [1993](#bit26026-bib-0065){ref-type="ref"}). In that construct, the TGFα targeting moiety was positioned functionally downstream of PE35 followed by substitution with the consensus amino acid sequence KDEL for the naturally occurring endoplasmic reticulum (ER)/golgi retrieval signal for the C‐terminal REDLK, and constituted among the most potent of the truncated cytotoxins (Seetharam et al., [1991](#bit26026-bib-0058){ref-type="ref"}).

ToxA is among the proteins that has been shown to be secreted by attenuated *Salmonella* in a form capable of killing cancer cells (Swofford et al., [2014](#bit26026-bib-0063){ref-type="ref"}). Because *Salmonella* localize to tumors at substantially greater concentrations than other tissues, expression of a toxin is inherently tumor‐specific by virtue of the tumor‐localized replication of the bacteria (Pawelek et al., [1997](#bit26026-bib-0050){ref-type="ref"}). However, *Salmonella* can still be found in other tissues such as liver, spleen and bone marrow (Clairmont et al., [2000](#bit26026-bib-0010){ref-type="ref"}), and thus it is not yet apparent if toxicity to these tissues from a bacterial protein toxin would be significant. An example of an additional, independent tumor localization mechanism for expression by a tumor‐targeted *Salmonella* is the use of a hypoxic promoter, which has bacterial targeting as a primary localization mechanism and the co‐occurrence of hypoxia as a second targeting mechanism and was used for expression of the cytotoxic protein HlyE (ClyA) (Ryan et al., [2009](#bit26026-bib-0053){ref-type="ref"}). A potential alternative improvement to expression of the wildtype toxins that could avoid toxicity to normal tissues would be expression of toxins specifically targeted to tumor cells.

ToxA contains a classical N‐terminal Type II hydrophobic signal sequence that is cleaved in the process of *Pseudomonas aeruginosa* secreting the mature protein into the extracellular medium. When the wild type gene for ToxA has been expressed by *Escherichia coli*, various results have been achieved ranging from no secretion (Gray et al., [1984](#bit26026-bib-0024){ref-type="ref"}), periplasmic secretion (Lory et al., [1988](#bit26026-bib-0036){ref-type="ref"}) to extracellular secretion using an OmpA signal sequence substituted for that of the ToxA signal sequence (Chaudhary et al., [1988](#bit26026-bib-0008){ref-type="ref"}). Among the different chimeric proteins, TGFα‐PE40 can be recovered from inclusion bodies, the periplasm, and supernatant when used with the OmpA signal sequence (Kondo et al., [1988](#bit26026-bib-0031){ref-type="ref"}), while PE35/TGFαKDEL was only found in inclusion bodies.

These various results in regard to secretion may stem from several different aspects of this heterologous system including the amino acid sequence of the ToxA, the genetic expression system, and the host strain of *E. coli*. In order for an attenuated *Salmonella* strain to effectively deliver a TGFα:ToxA chimera to tumor cells and to further achieve a bystander effect, whereby the toxin may contact multiple cancer cells through diffusion, the protein must either be released or secreted through both the inner and outer membranes into the media. Secretion of chimeric forms of ToxA by *Salmonella* in a biologically active form has not been investigated.

In this study, we cloned and expressed modified forms of three TGFα‐targeted ToxA chimeras based on previous reports (Edwards et al., [1989](#bit26026-bib-0018){ref-type="ref"}; Kihara and Pastan, [1994a](#bit26026-bib-0028){ref-type="ref"}; Kreitman et al., [1992](#bit26026-bib-0032){ref-type="ref"}). Each of these forms includes an in‐frame fusion of TGFα upstream of DIII of ToxA. Components of the three chimeras also includes a Type II hydrophobic secretion signal derived from OmpA, a long flexible linker, and presence or absence of DIb. In addition, we substituted the naturally occurring REDLK endoplasmic reticulum retention signal with the KDEL consensus sequence. We also compared the cytotoxicity of culture supernatants when co‐expressed with the colicin E3 (ColE3) lysis protein that aids in liberation of colicin and other proteins from the periplasm. This report is the first to demonstrate secretion of a chimeric ToxA that selectively kills EGFR‐expressing tumor cells by an attenuated *Salmonella* and has potential for the treatment of neoplasias overexpressing EGFR such as breast, colon, lung, prostate, bladder, and/or brain cancers (Brendel et al., [1999](#bit26026-bib-0005){ref-type="ref"}; Woodburn, [1999](#bit26026-bib-0071){ref-type="ref"}).

Materials and Methods {#bit26026-sec-0003}
=====================

Bacterial Strains and Plasmids {#bit26026-sec-0004}
------------------------------

The bacteria used in the study were *E. coli* cloning strain EC100 (Epicentre, Madison, WI; *F^‐^ mcrA Δ(mrr‐hsdRMS‐mcrBC) ϕ80dlacZΔM15 ΔlacX74 recA1 endA1 araD139 Δ(ara, leu)7697 galU galK λ^‐^ rpsL (Str^R^) nupG*), *Salmonella enterica* serotype Typhimurium restriction (−) methylation (+) strain JR501 (*hsdSA29 hsdSB121 hsdL6 metA22 metE551 trpC2 ilv‐452 H1‐b H2‐e,n,x* (cured of Fels 2) *fla‐66 nml rpsL120 xyl‐404 galE719* (*Salmonella* Genetic Stock Center, Calgary, Canada, strain 1593; Tsai et al., [1989](#bit26026-bib-0067){ref-type="ref"}); attenuated *Salmonella enterica* serotype Typhimurium strain VNP20009 from the American Type Culture Collection (Manassas, VA; strain 202165, a.k.a. 41.2.9 or YS1646; Low et al., [2004](#bit26026-bib-0038){ref-type="ref"}) which include the attenuating mutations *msbB* and *purI* and the Suwwan suppressor; Murray et al., [2004](#bit26026-bib-0046){ref-type="ref"}). *Pseudomonas aeruginosa* strain PA103‐LAC was obtained from the ATCC (strain 47086). All strains are stored frozen at −80°C in 15% glycerol. Bacterial media used were LB (Miller, [1992](#bit26026-bib-0041){ref-type="ref"}) which contained 1% tryptone, 0.5% yeast extract, and 1% NaCl or LB plates containing 1.5% agar, LB‐0 (LB no NaCl; Murray et al., [2001](#bit26026-bib-0045){ref-type="ref"}), and a novel media CTY containing 0.2% casamino acids, 0.2% tryptone, 0.1% yeast, and 0.9% NaCl adjusted to pH 7.4 with 0.2 M NaOH, which we found was less toxic to mammalian cells than LB, yet supported bacterial protein expression. Antibiotics used were 100 μg/mL ampicillin (Amp~100~) except in CTY which was 50 μg/mL. The expression plasmid pAra99a utilized in these studies is a derivative of pTrc99a (Amann et al., [1988](#bit26026-bib-0001){ref-type="ref"}; GenBank U13872.1) where the *trc* promoter and *lacIq* were removed with *Nde*I and *Nco*I and replaced with the arabinose‐inducible operon consisting of AraBAD, which we derived from plasmid pBAD‐IEE (GenBank AB598835) based on previous studies in *Salmonella* (Lossner et al., [2007](#bit26026-bib-0037){ref-type="ref"}). Bacterial culture supernatants were prepared by innoculating CTY media at 37°C rotated at 15 RPM overnight without arabinose, diluting the culture 1:5 in fresh CTY media and incubating for a 2 h pre‐induction period at 37°C with rotation, and then inducing with 1 mM arabinose at 37°C with rotation for 16 h. The cultures were then centrifuged at 3000*g* for 10 min at room temperature and then the supernatant was sterilized using a 0.2 μM low binding PES filter (Whatman, Buckinghamshire, UK; Puradisc 25 AS).

Tumor Cells {#bit26026-sec-0005}
-----------

MDA‐MB‐468 human breast adenocarcinoma and HeLa human cervical adenocarcinoma were obtained from the ATCC (MDA‐MB‐468 was kindly provided by Dr. Jonathan Kelber, California State University, Northridge). H460 human large cell lung carcinoma was obtained from the National Cancer Institute Division of Cancer Treatment and Diagnosis (DCTD; Frederick, MD). Each of the cell lines were authenticated at the University of Arizona Genetics Core (Tucson, AZ). MDA‐MB‐468 has been shown to have high‐level expression of epidermal growth factor receptor (EGFR; Xu et al., [2005](#bit26026-bib-0073){ref-type="ref"}) whereas HeLa (Eiblmaier et al., [2008](#bit26026-bib-0019){ref-type="ref"}) and H460 (Kirk et al., [1994](#bit26026-bib-0030){ref-type="ref"}) have low and undetectable EGFR, respectively. MDA‐MB‐468 cells were cultured in Dulbecco\'s Modified Eagle Medium (DMEM), HeLa cells were cultured in Minimal Essential Media (MEM), and H460 were cultured in RPMI, each of which was supplemented with heat‐inactivated fetal bovine serum (10% vol/vol; Gibco/Life Technologies, Grand Island, NY) and 1% of penicillin‐streptomycin (10,000 units penicillin and 10 mg/mL streptomycin; Sigma‐Aldrich, St. Louis, MO). Cells were trypsinized (0.5% trypsin 0.2% EDTA, Sigma--Aldrich) for use in passages and seeding cell proliferation assays whereas cells used for immunoblots were removed with a cell scraper.

Cell Proliferation and Cytotoxicity Assays {#bit26026-sec-0006}
------------------------------------------

The [m]{.ul}ethyl[t]{.ul}hiazol diphenyl[t]{.ul}etrazolum (MTT; Calbiochem, San Diego, CA) viability assay (Mosmann, [1983](#bit26026-bib-0044){ref-type="ref"}) was used to quantify the relative number of tumor cells present using a Spectramax M3 (Molecular Devices; Sunnyvale, CA) set at A~570~ in order to determine the relative cytotoxicity of bacterial culture supernatants. The supernatants (10 μL, with twofold dilutions in phosphate buffered saline (PBS)) were added to 96‐well culture plates in which the tumor cells had been seeded at 2500/well in 100 μL tissue culture media one day prior to treatment. When 24 well plates were used for microscopy, tumor cells were seeded at 25,000 cells per well in 1 mL. The fraction of tumor cells affected was based on the MTT assay of cells treated for 72 h. The absorbance results were normalized using a PBS control (100% survival) and a media only control (0% survival) in Prism 6.0f (Graphpad, La Jolla, CA) based upon Sebaugh ([2011](#bit26026-bib-0057){ref-type="ref"}). Each assay was performed using triplicate wells, and each experiment was performed at least three times on separate days except where noted. The data from at least three combined experiments was used for statistics. The replicate data for each treatment was then grouped and the log of the volume of active supernatant was then plotted with its respective mean and SD. Where the median inhibition caused by a culture supernatant was greater than 50% but did not approach 100%, the 50% inhibitory volume of culture supernatant was determined using a simple arithmetic ratio based on the highest cell kill achieved and indicated as an approximation (∼). For the determination of the amount of active supernatant required to achieve 50% cell death, the mean of each repeated independent experiment was pooled and the data interpolated using the sigmoidal, 4PL, log function to generate the IC~50~ curves. LogIC~50~ values and their standard error were utilized for statistics using a one‐way Anova (*P* \< 0.05) followed by post hoc Tukey\'s multiple comparison test. Error bars on IC~50~ bar graph indicate 95% confidence intervals (CI). Actual and logarithmic supernatant volumes are indicated on their respective axes.

PCR and Cloning {#bit26026-sec-0007}
---------------

Oligonucleotide primers are listed in Table [I](#bit26026-tbl-0001){ref-type="table-wrap"}. PCR reactions were conducted using high‐fidelity polymerases (Phusion Hot Start II, Fermentas/Thermo Fisher, Waltham, MA); Phusion, Finnzymes/Thermo Fisher; KOD Hot Start Master Mix, Novagen/EMD Millipore, Billerica, MA), with the program typically consisting of one cycle of 95 or 98°C for 2 min followed by 33 cycles of 95 or 98°C for 10 s, 58°C for 30 s and 70 or 72° C for 15--30 s/Kb, with a final extension of 70 or 72° C for 5 min; variations in the annealing temperature occurred as indicated in Table [I](#bit26026-tbl-0001){ref-type="table-wrap"}. Overlapping PCRs (Wurch et al., [1998](#bit26026-bib-0072){ref-type="ref"}) were conducted using independent PCR reactions for 10 cycles, gel purifying the products using 0.9% agarose gels run in tris‐acetate ethylenediaminetetraacetic acid EDTA (TAE) buffer consisting of 40 mM Tris, 20 mM acetic acid, and 1 mM EDTA with 1:10,000 of a 1% solution of ethidium bromide added to the gel for visualization under ultraviolet light, then extracted from the gel by filtration (Merck Millipore, Cork, Ire., Ultrafree MC 0.45 μM PVDF membrane cartridge). The purified products were precipitated with sodium acetate and ethanol, dried and reconstituted in sterile nanopure water then used as templates with the outer primers for 40 cycles to create the overlapping product. PCR products were digested with the appropriate restriction endonucleases (Fermentas) as indicated in Table [I](#bit26026-tbl-0001){ref-type="table-wrap"}. DNA fragments were ligated into the appropriately digested pAra99a vectors using T4 DNA ligase (Fermentas). Clones were transformed into chemically competent EC100 and grown on LB‐Amp plates. Plasmid minipreps (Fermentas) were then screened with the appropriate restriction endonucleases and gel electrophoresis. The DNA sequence of the cloned PCR products was determined by Sanger DNA sequencing of both strands (Sequetech, Mountain View, CA); DNA sequencing primers are indicated in Table [I](#bit26026-tbl-0001){ref-type="table-wrap"}. DNA sequence analysis and graphic displays utilized 4Peaks (Nucelobytes, Aalsmeer, Netherlands) and Geneious (Biomatters, Aukland, NZ). All DNA constructs were confirmed to be complete and accurate before proceeding to subsequent steps.

###### 

Oligonucleotide primers for PCR, gene assembly and DNA sequencing utilized in this study

  \#                                                                                                                  Primer Sequence (5′ -- 3′)                                                                                          Anneal temp for PCR   Primer enzyme site   Vector enzyme site   Structural component or function
  ------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------- --------------------- -------------------- -------------------- ---------------------------------------------------
  *Pseudomonas* ToxA                                                                                                                                                                                                                                                                                      
  1                                                                                                                   GATCTCATGAAACACCTGATACCCCATTGGATCCCC                                                                                62°C                  *Bsp*Hl              *Nco*I               Complete ToxA forward
  1B                                                                                                                  GATCGGCGCCTGGATACCATTCTCGGCTGGCCGCTG                                                                                60°C                  *Ehe*I               *Ehe*I               E553D forward
  2                                                                                                                   GATCTCTAGATTACTTCAGGTCCTCGCGCG                                                                                      60°C/62°C             *Xba*I               *Xba*I               Complete ToxA reverse
  3                                                                                                                   ACCTGACGCTTTTTATCGCA                                                                                                n/a                   n/a                  n/a                  DNA forward sequencing; primes in pAra99a plasmid
  4                                                                                                                   CCGCCAGGCAAATTCTGT                                                                                                  n/a                   n/a                  n/a                  DNA reverse sequencing; primes in pAra99a plasmid
  5                                                                                                                   CACATGTCGCCGATCTACAC                                                                                                n/a                   n/a                  n/a                  DNA Sequencing F1
  6                                                                                                                   GCTGGTCGCCCTCTACCT                                                                                                  n/a                   n/a                  n/a                  DNA Sequencing F2
  7                                                                                                                   AGGACCTCGACGCGATCT                                                                                                  n/a                   n/a                  n/a                  DNA Sequencing F3
  8                                                                                                                   CGCCCTGACGAAGAAGGT                                                                                                  n/a                   n/a                  n/a                  DNA Sequencing R1
  9                                                                                                                   AGGTAGAGGGCGACCAGC                                                                                                  n/a                   n/a                  n/a                  DNA Sequencing R2
  10                                                                                                                  AGATCGCGTCGAGGTCCT                                                                                                  n/a                   n/a                  n/a                  DNA Sequencing R3
  11                                                                                                                  GATCTCTAGAAAGGAGTCGTTATGAAAAAAATAACAGG                                                                              55°C                  *Xba*I               *Xba*I               ColE3 RBS and lysis protein forward
  12                                                                                                                  GATCCTGCAGTTACTGCGTTGCTAATCCGGTC                                                                                    55°C                  *Pst*I               *Pst*I               ColE3 RBS and lysis protein reverse
  [O]{.ul}mpA:[T]{.ul}GFα:3[G]{.ul}S:[DIb]{.ul}:DIII[K]{.ul} (O‐T‐G‐DIbK)                                                                                                                                                                                                                                 
  13                                                                                                                  GATCTCATGAAACACCTGATACCCCATTGGATCCCCCTGGTCGCCAGCCTCGGCCTGCTCGCCGGCGGCTCGTCCGCGTCCGCAGCTGTGGTGAGCCATTTTAACGATTGCCC   58°C                  *Bsp*Hl              *Nco*I               ToxA signal sequence and TGFα forward
  14                                                                                                                  CCGGGTTGCCGGCGAGACCCCGGGCCAGCAGATCCGCATGTTCGC                                                                       58°C                  n/a                  n/a                  TGFα and DII overlap reverse
  15                                                                                                                  GCGAACATGCGGATCTGCTGGCCCGGGGTCTCGCCGGCAACCCGG                                                                       58°C                  n/a                  n/a                  DII overlap forward; results in *Sma*I site
  16                                                                                                                  CCGGCCTCGTCGTTGCCGGCCAGACGGGCCTGC                                                                                   58°C                  n/a                  n/a                  DII overlap reverse
  17                                                                                                                  GCAGGCCCGTCTGGCCGGCAACGACGAGGCCGG                                                                                   58°C                  n/a                  n/a                  DIII overlap forward
  18                                                                                                                  GATCTCTAGATTACTTCAGGTCCTCGCGCG                                                                                      58°C                  *Xba*I               *Xba*I               DIII reverse
  19                                                                                                                  GATCCAGCTGAAGAAGTGGTGAGCCATTTTAACGATTGCC                                                                            55°C                  *Pvu*II              *Pvu*II              Glu Glu forward
  20                                                                                                                  GATCTCTAGAGTACAGATCTACTCGAGTTACAGTTCATCTTTCGGCGGTTTGCCGGGC                                                          55°C                  *Xba*I               *Xba*I               KDEL reverse
  21                                                                                                                  GATCGAGCTCGGTACCCAG                                                                                                 58°C                  *Sac*I               *Sac*I               OmpA DNA Works 1
  22                                                                                                                  TGCAATCGCGATAGCTGTCTTTTTAGCCATGGTGAATTCCTCCTGGGTACCGAGCTCGAT                                                        58°C                  n/a                  n/a                  OmpA DNA Works 2
  23                                                                                                                  GACAGCTATCGCGATTGCAGTGGCACTGGCTGGTTTCGCTACCGTAGCGCAGGCAGCTGG                                                        58°C                  n/a                  n/a                  OmpA DNA Works 3
  24                                                                                                                  GATCCAGCTGCCTGCGCT                                                                                                  58°C                  *Pvu*II              *Pvu*II              OmpA DNA Works 4
  25                                                                                                                  GATCGATATCAACTAGTGGGCGGTGGTGGCAG                                                                                    58°C                  *Eco*RV              *Sma*I               3GS linker forward
  26                                                                                                                  GATCCCCGGGACCCGCCACCACCAGAGCCGCCGCCACCACTGCCACCACCGCCC                                                              58°C                  *Sma*I               *Sma*I               3GS linker reverse
  27                                                                                                                  GATCTCCCGGGGTCTGACCTGCCCGGTCG                                                                                       58°C                  *Sma*I               *Sma*I               DIb‐DIIK forward
  [O]{.ul}mpA:[T]{.ul}GFα:3[G]{.ul}S:[DIb]{.ul}:DIII[R]{.ul} (O‐T‐G‐DIbR)                                                                                                                                                                                                                                 
  No PCR; this clone was generated by subcloning REDLK from wildtype ToxA into O‐T‐G‐DIbK (*Aat*II and *Xba*I).                                                                                                                                                                                           
  [O]{.ul}mpA:[T]{.ul}GFα:3[G]{.ul}S:DIII[K]{.ul} (O‐T‐G‐DIIIK)                                                                                                                                                                                                                                           
  28                                                                                                                  GACTCCCGGGGTACTGGCGCGGAGTTCC                                                                                                              *Sma*I               *Sma*I               DIIIK forward
  20                                                                                                                  GATCTCTAGAGTACAGATCTACTCGAGTTACAGTTCATCTTTCGGCGGTTTGCCGGGC                                                          58°C                  *Xba*I               *Xba*I               KDEL reverse
  [O]{.ul}mpA:[T]{.ul}GFα:3[G]{.ul}S:DIII[R]{.ul} (O‐T‐G‐DIIIR)                                                                                                                                                                                                                                           
  No PCR; this clone was generated by subcloning REDLK from wildtype ToxA into O‐T‐G‐DIIIK (via *Ehe*I and *Xba*I).                                                                                                                                                                                       
  [O]{.ul}mpA:[T]{.ul}GFα:3[G]{.ul}S:PE38[K]{.ul} (O‐T‐G‐PE38K)                                                                                                                                                                                                                                           
  29                                                                                                                  GATCCCCGGGGTGGCAGCCTGGCCGC                                                                                          62°C                  *Sma*I               *Sma*I               PE38K forward
  30                                                                                                                  GTCGCCGCTGTCCGCCGGGGCGTTGGCCGCGCCGGC                                                                                62°C                  n/a                  n/a                  Overlap reverse
  31                                                                                                                  GCCGGCGCGGCCAACGCCCCGGCGGACAGCGGCGAC                                                                                58°C                  n/a                  n/a                  Overlap forward
  20                                                                                                                  GATCTCTAGAGTACAGATCTACTCGAGTTACAGTTCATCTTTCGGCGGTTTGCCGGGC                                                          58°C                  *Xba*I               *Xba*I               KDEL reverse
  [O]{.ul}mpA:[T]{.ul}GFα:3[G]{.ul}S:PE38[R]{.ul} (O‐T‐G‐PE38R)                                                                                                                                                                                                                                           
  No PCR; this clone was generated by subcloning REDLK from wildtype ToxA into O‐T‐G‐PE38K (via *Ehe*I and *Xba*I).                                                                                                                                                                                       
  TGFα:PE38K‐ΔOmpA                                                                                                                                                                                                                                                                                        
  32                                                                                                                  GATCCCATGGTGGTGAGCCATTTTAACGATTGCC                                                                                  60°C                  *Nco*I               *Nco*I               ΔOmpA forward
  26                                                                                                                  GATCCCCGGGACCCGCCACCACCAGAGCCGCCGCCACCACTGCCACCACCGCCC                                                              60°C                  *Sma*I               *Sma*I               3GS linker reverse
  OmpA:TGFα:PE38K‐Δ3GS                                                                                                                                                                                                                                                                                    
  No PCR; this clone was generated by subcloning a deletion of 3GS.                                                                                                                                                                                                                                       
  OmpA:3GS:PE38K‐ΔTGFα                                                                                                                                                                                                                                                                                    
  33                                                                                                                  GATCGAGCTCGGTACCCAG                                                                                                 60°C                  *Sac*I               *Sac*I               ΔTGFα forward
  34                                                                                                                  GATCACTAGTTGATGCACCACAGCTGCCTGCGCTA                                                                                 60°C                  *Spe*I               *Spe*I               ΔTGFα reverse
  O‐T‐G‐PE38K‐E553D                                                                                                                                                                                                                                                                                       
  IB                                                                                                                  GATCGGCGCCTGGATACCATTCTCGGCTGGCCGCTG                                                                                60°C                  *Ehe*I               *Ehe*I               E553D forward
  20                                                                                                                  GATCTCTAGAGTACAGATCTACTCGAGTTACAGTTCATCTTTCGGCGGTTTGCCGGGC                                                          60°C                  *Xba*I               *Xba*I               KDEL reverse
  Additional universal chimera sequencing primers                                                                                                                                                                                                                                                         
  35                                                                                                                  GTCAGCTTCAGCACCCGC                                                                                                  n/a                   n/a                  n/a                  Forward DNA sequencing primer in DIII.
  36                                                                                                                  GCGGGTGCTGAAGCTGAC                                                                                                                                                                  DNA Sequencing; reverse complement of primer 35.
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Cloning of the Wild Type ToxA {#bit26026-sec-0008}
-----------------------------

The parental *Pseudomonas* ToxA as well as the functional chimeras described below are shown in Figure [1](#bit26026-fig-0001){ref-type="fig"}. The *Pseudomonas* wild type toxin was cloned by PCR using primers 1 and 2. When the complete construct was confirmed by DNA sequencing using primers 3--10, the plasmids were transformed into electroporation competent JR501 (O\'Callaghan and Charbit, [1990](#bit26026-bib-0048){ref-type="ref"}; Tsai et al., [1989](#bit26026-bib-0067){ref-type="ref"}) to provide the appropriate methylation. Plasmid DNA was then prepared from the JR501 clones and then transformed by electroporation into VNP20009. The ColE3 lysis protein, including its ribosomal binding site (RBS) bases 2660--2815 of the complete colicin E3 plasmid (Morales et al., [2014](#bit26026-bib-0043){ref-type="ref"}; GenBank KM287568), was amplified via PCR using primers 11 and 12 and cloned into the pAra99a using the enzymes *Xba*I and *Pst*I to create a pAra99a‐RBS‐ColE 3‐lysis protein construct.

![Comparison of the wildtype ToxA and ToxA chimeras. Left panel **A)** ToxA; the wildtype toxin ± the E553D substitution. **B)** O‐T‐G‐DIbR, a chimera containing an OmpA secretion signal, TGFα targeting domain, a 3GS linker, ToxA DIb, and DIII followed by REDLK. **C)** O‐T‐G‐DIIIR, a chimera containing an OmpA secretion signal, TGFα targeting domain, a 3GS linker, truncated DIb, and ToxA DIII followed by REDLK. **D)** O‐T‐G‐PE38R, a chimera containing an OmpA secretion signal, TGFα targeting domain, a 3GS linker, ToxA DII, partial DIb (Δ365‐380 amino acids) and DIII followed by REDLK. Right panel, an immunoblot using anti‐ToxA. Lane 1, molecular weight standard. Lane 2, pyrogallol red molybdate methanol (PRMM)‐precipitated VNP20009 empty vector culture supernatant (200 μL). Lane 3, ToxA standard (3.5 μg). Lane 4, VNP20009 ToxA culture supernatant (10 μL). Lane 5, VNP20009 O‐T‐G‐DIbR pyrogallol red molybdate methanol (PRMM)‐precipitated culture supernatant (200 μL). Lane 6, VNP20009 O‐T‐G‐DIIIR PRMM‐precipitated culture supernatant (200 μL). Lane 7, VNP20009 O‐T‐G‐PE38R PRMM‐precipitated culture supernatant (200 μL).](BIT-113-2698-g002){#bit26026-fig-0001}

Contruction of [O]{.ul}mpA:[T]{.ul}GFα:3[G]{.ul}S:[DIb]{.ul}:DIII[R]{.ul} (O‐T‐G‐DlbR) and [O]{.ul}mpA:[T]{.ul}GFα:3[G]{.ul}S:[DIb]{.ul}:DIII[K]{.ul} (O‐T‐G‐DlbK) {#bit26026-sec-0009}
------------------------------------------------------------------------------------------------------------------------------------------------------------------

Chimeras were cloned by an initial set of three overlapping PCRs using primers 13 and 14, 15 and 16, and 17 and 18 as independent PCRs whose purified products were then mixed for 10 PCR cycles followed by 40 cycles with the outer primers 13 and 18, which generates an in‐frame ToxA signal sequence (SS), TGFα, DII with a 25 amino acid deletion (Δ25 aa), DIb and DIII (ToxA SS:TGFα‐DII (Δ25 aa):DIb:DIII). A subsequent PCR using primers 19 and 20 which incorporates two additional glutamates after the ToxA SS and substitutes KDEL for REDLK at the end of DIII was cloned into the *Pvu*II and *Xba*I sites of an intermediate vector and then used for a subsequent cloning step. An OmpA SS was substituted for the ToxA SS using primers 21--24 designed using the online DNA Works (Hoover and Lubkowski, [2002](#bit26026-bib-0027){ref-type="ref"}) tool with a first round using all four primers and a second round using primers 21 and 24. An *Aat*II and *Xba*I fragment was cut out of the cloned PCR 19 and 20 product and substituted for the same fragment from the OmpA SS:TGFα‐DII (Δ25 aa):DIb:DIII construct, which results in substituting the KDEL sequence from the other KDEL‐containing clone (the product of primers 19 and 20). A flexible linker composed of the amino acids GGGGS repeated three times (3GGGGS or 3GS) was generated with overlapping primers 25 and 26 and cloned into the *Sma*I site immediately after TGFα. Finally, the DII (Δ25 aa):DIb:DIII KDEL was replaced with a DIb:DIII KDEL PCR product of primers 20 and 27 to generate the complete construct designated O‐T‐G‐DIbK. The O‐T‐G‐DIbR chimera was constructed by cloning the *Aat*II/*Xba*I fragment containing REDLK from ToxA into O‐T‐G‐DIbK.

Construction of [O]{.ul}mpA:[T]{.ul}GFα:3[G]{.ul}S:[DIIIR]{.ul} (O‐T‐G‐DIIIR) and [O]{.ul}mpA:[T]{.ul}GFα:3[G]{.ul}S:[DIIIK]{.ul} (O‐T‐G‐DIIIK) {#bit26026-sec-0010}
-----------------------------------------------------------------------------------------------------------------------------------------------

Chimeras were generated using primers 20 and 28 and cloned into the DIbK described above by removing the *Sma*I and *Xba*I fragment and replacing it with the 20 and 28 PCR product digested with *Sma*I and *Xba*I. The O‐T‐G‐DIIIR chimera was constructed by cloning the *Ehe*I/*Xba*I fragment containing REDLK from ToxA into O‐T‐G‐DIIIK.

Construction of [O]{.ul}mpA:[T]{.ul}GFα:3[G]{.ul}S:[PE38]{.ul} [K]{.ul} (O‐T‐G‐PE38K) and [O]{.ul}mpA:[T]{.ul}GFα:3[G]{.ul}S:[PE38]{.ul} [R]{.ul} (O‐T‐G‐PE38R) {#bit26026-sec-0011}
---------------------------------------------------------------------------------------------------------------------------------------------------------------

The O‐T‐G‐PE38K chimera was generated by overlapping PCR using primers 29 and 30 and 31 and 20 whose purified products were then amplified with the outer primers 29 and 20, which generates an in‐frame PE38K that was cloned into the DIb‐DIIIK described above by removing the *Sma*I and *Xba*I fragment and replacing it with the 29 and 20 PCR product digested with *Sma*I and *Xba*I, resulting in O‐T‐G‐PE38K. The O‐T‐G‐PE38R chimera was constructed by cloning the *Ehe*I/*Xba*I fragment containing REDLK from ToxA into O‐T‐G‐PE38K.

Deletion Analysis of O‐T‐G‐PE38 K {#bit26026-sec-0012}
---------------------------------

The deletion analysis of O‐T‐G‐PE38K is diagramed in Figure [6](#bit26026-fig-0006){ref-type="fig"}. Construction of the ΔOmpA construct was performed by cloning the PCR product generated by primers 32 and 26 and digested with *Nco*I/*Sma*I into O‐T‐G‐PE38K, whereby the forward primer provides an in‐frame initiating methionine. Construction of Δ3GS construct was performed by digesting O‐T‐G‐PE38K with *Nco*I and *Sma*I and replacing it with the *Nco*I and *Sma*I fragment containing OmpA‐TGFα without the linker from the OmpA:TGFα‐DII (Δ25 aa):DIb:DIII construct described above. Deletion of TGFα from O‐T‐G‐PE38K to generate the ΔTGFα construct was performed by digesting the PCR product generated by primers 33 and 34 with *Sac*I and *Spe*I and cloning it into O‐T‐G‐PE38K. Disruption of the ADP ribosyation active site was accomplished by changing the glutamic acid of the active site to aspartic acid (E553D) by cutting the PCR product generated by primers 1B and 20 with *Ehe*I and *Xba*I and cloning it into O‐T‐G‐PE38K which had had its *Ehe*I/*Xba*I fragment removed, which resulted in the construct designated E553D.

Protein Detection and Quantification {#bit26026-sec-0013}
------------------------------------

The amount of the wild type ToxA protein produced by VNP20009 was determined from immunoblots using a range of known quantities of purified *Pseudomonas* ToxA (Sigma--Aldrich) as standards defined by NanoDrop 2000 s reading (NanoDrop Products/Thermo Fisher) at A~280~ using an extinction coefficient of *E*1% = 11.9, and a rabbit anti‐*Pseudomonas* ToxA primary antibody (Sigma--Aldrich) with a goat anti‐rabbit alkaline phosphatase secondary antibody (Jackson Laboratories, West Grove, PA) detected with nitro‐blue tetrazolium and 5‐bromo‐4‐chloro‐3′‐indolyphosphate (NBT/BCIP). The bands were quantified by densitometry using Image J (Schneider et al., [2012](#bit26026-bib-0056){ref-type="ref"}) in order to construct a standard curve, with the VNP20009 produced ToxA analyzed by linear regression using Excel. In order to normalize the detection of ToxA chimeras, which possess varying amounts of the wild type ToxA antigen and potentially results in different number of epitopes recognized by the polyclonal antibody, quantification was based on the TGFα portion of the chimera using a dilution series of purified human recombinant TGFα (hrTGFα; R&D Systems, Minneapolis, MN) quantified by CBQCA protein assay (Molecular Probes, Eugene, OR) as standards. The amount of the ToxA chimeric proteins produced by the bacteria was determined by linear regression from a representative immunoblot with a mouse anti‐TGFα monoclonal antibody (Clone MF9; Abnova, Taipei, Taiwan) and a secondary goat anti‐mouse alkaline phosphatase antibody (Jackson Laboratories). Preliminary assays of VNP20009 wild type ToxA and ToxA chimeras showed that the chimeric ToxA supernatants required 200 μL of supernatant concentrated by pyrogallol red molybdate methanol (PRMM) precipitation (Caldwell and Lattemann, [2004](#bit26026-bib-0006){ref-type="ref"}) in order to be detected, whereas 10 μL the wild type ToxA supernatant could be detected without concentration, and thus these volumes were utilized. The relative amount of epidermal growth factor receptor (EGFR) was determined using a polyclonal rabbit anti‐EGFR antibody (Rockland, Gilbertsville, PA) against 20 μg each of the respective tumor cell lysate, where the lysate total protein concentration was determined by the BCA assay (Pierce/Thermo Fisher) and the relative quantity of EGFR determined by immunoblot. A duplicate blot was probed with an anti‐glyceraldehyde 3‐phosphate dehydrogenase (GAPDH antibody (Thermo Fisher) as a loading control. The EGFR and GAPDH blots utilized a horseradish peroxidase conjugated goat anti‐rabbit (Jackson Laboratories) as a secondary antibody detected by enhanced chemiluminescence (Thermo‐Fisher).

Apoptosis Assay {#bit26026-sec-0014}
---------------

Induction of apoptosis was determined by fluorescent microscopy using Rhodamine 123 (Acros Organics/ThermoFisher) as a vital stain for mitochondrial membrane polarity (Ferlini and Scambia, [2007](#bit26026-bib-0020){ref-type="ref"}). For microscopy, 25,000 live cells in 1 mL of tissue culture media were grown in 24 well optical bottom culture dishes (Eppendorf North America, Hauppauge, NY) overnight, and were then treated with VNP20009 empty vector (no toxin), ToxA or O‐T‐G‐PE38K culture supernatants and stained with 1.0 μg/mL of Rhodamine 123 for 10 min, counterstained with 1.0 μg/mL of Hoecsht 33342 (Molecular Probes) for 10 min in order to stain nuclei, washed three times with PBS and then observed for fluorescence using excitation at 488 nm using a Zeiss Axio Observer inverted microscope with differential interference contrast (DIC) optics. Digital images were captured by a Zeiss AxioCam MRc camera, and the Rhodamine and Hoechst images digitally merged using Zeiss Efficient Navigation (ZEN) software. For quantifying total mitochondrial polarity of the treatments, JC‐10 (Enzo Life Sciences, Farmingdale, NY) was used (Patel et al., [2016](#bit26026-bib-0049){ref-type="ref"}) rather than Rhodamine 123 because Rhodamine 123 gave a high background due to adherence to the sides of the wells. Five thousand cells were seeded per well in an optical bottom black 96 well tissue culture plate (Corning, Corning, NY), allowed to adhere overnight, and were then treated with 10 μL VNP20009 empty vector (no toxin), ToxA or O‐T‐G‐PE38K culture supernatants. The average mitochondrial fluorescence per cell was determined by staining the cells with 2 μM JC‐10 for 15 min in cell culture media followed by staining with 1 μg/mL Hoechst for 10 min in PBS, and then determining total relative JC‐10 fluorescence units at 560 nm, which was divided by the total cell number of cells as determined by total Hoechst (nuclear) fluorescence staining at 510 nm.

Results {#bit26026-sec-0015}
=======

Relative Toxicity of ToxA Chimera Culture Supernatants {#bit26026-sec-0016}
------------------------------------------------------

Schematics of the constructs generated and the anti‐ToxA immunoblot are shown in Figure [1](#bit26026-fig-0001){ref-type="fig"}. Using the ToxA standards and anti‐ToxA antibody, the quantity of ToxA in the supernatant produced by VNP20009 was determined to be 39.9 ng/μL (not μ shown). The predicted molecular weights of the products are 66 kDa for ToxA, 33 kDa for O‐T‐G‐DIbR, 31 kDa for O‐T‐G‐DIIIR, and 44 kDa for O‐T‐G‐PE38R. All of the constructs ran 3--5 kDa higher than predicted, which may have been due to the use of pre‐stained molecular weight standards. The relative supernatant toxicity of the initial cohort of ToxA chimeras containing the native endoplasmic reticulum retention signal (C‐terminal REDLK) are shown in Figure [2](#bit26026-fig-0002){ref-type="fig"}. These data demonstrate that the VNP20009 supernatant with the wild type ToxA exhibited a high degree of relative toxicity, and that the single conservative amino acid substitution in ToxA‐E553D completely abolished detectable cytotoxicity. These data also demonstrate the relative lack of cytotoxicity from VNP20009 culture supernatants and underscores the potential for expression of a targeted toxin to increase the antitumor activity of VNP20009. Among the ToxA chimeras, the O‐T‐G‐PE38R had the highest degree of cell killing, followed by O‐T‐G‐DIbR, and then O‐T‐G‐DIIIR, which only showed cell toxicity at the highest concentration.

![Dose‐response curves of ToxA and ToxA chimeras. Dose responses were determined as relative percent survival of MDA‐MB‐468 breast adenocarcinoma cells following exposure to twofold dilutions of the respective VNP20009 culture supernatants, with the error expressed as the SD. Panel **A**: ToxA wild type toxin (●) and ToxA with the E553D substitution (▪). Panel **B**: The chimeric toxins O‐T‐G‐DIbR (□); O‐T‐G‐DIIIR (▴); and O‐T‐G‐PE38 R (○).](BIT-113-2698-g003){#bit26026-fig-0002}

Relative Quantities of the ToxA Chimeras and Their Potency {#bit26026-sec-0017}
----------------------------------------------------------

Although O‐T‐G‐PE38R had the strongest cytotoxicity among the chimeras, differences in the chimera supernatant cell killing ability could have been due to either production of greater amounts of the protein or that there were actual differences in the potency of the different proteins, or both. Because the preliminary data suggested that VNP20009 produced higher concentrations of the wild type ToxA than it produced for the chimeras, the supernatants were concentrated by PRMM. We used TGFα standards and an antibody against TGFα as a means to normalize the antibody binding activity among the chimeras in order to determine the amount of the chimeric proteins in the supernatants (Fig. [3](#bit26026-fig-0003){ref-type="fig"}A and B). The chimeric proteins in ng/μL of supernatant were multiplied by the IC~50~ in μL of culture supernatant to determine the IC~50~ in ng/well, and molarity (µM). Using this analysis, O‐T‐G‐PE38R was the most potent on a molar basis, followed by O‐T‐G‐DIIIR and O‐T‐G‐DIbR. Because the cell killing ability of an intratumoral *Salmonella* will likely be dictated by the activity of the extracellular toxin produced, we chose O‐T‐G‐PE38R for further analysis.

![Quantities of the chimeric proteins present in culture supernatants and their relative cytotoxicities. Top Panel: Anti‐TGFα immunoblot comparison of hrTGFα standards and PRMM‐precipitated culture supernatants of O‐T‐G‐DIbR, O‐T‐G‐DIIIR, and O‐T‐G‐PE38R. Lane 1, molecular weight standard. Lane 2, 2.0 μg hrTGFα. Lane 3, 0.67 μg hrTGFα. Lane 4, 0.20 μg hrTGFα. Lane 5, 0.067 μg hrTGFα. Lane 6, VNP20009 empty vector culture supernatant. Lane 7, O‐T‐G‐DIbR. Lane 8, O‐T‐G‐DIIIR. Lane 9, O‐T‐G‐PE38R. Lower Panel: IC~50~ values of the TGFα:ToxA fusions present in the culture supernatants. The quantities of the fusion proteins present in the culture supernatants were calculated based on a standard curve of the hrTGFα bands in the top panel determined by densitometry using Image J. The volume of culture supernatants in μL/well required to achieve the 50% inhibitory values shown in Figure [2](#bit26026-fig-0002){ref-type="fig"}B were calculated from the interpolated dose response curves, which allowed the calculation of the IC~50~ values in ng/well and nM.](BIT-113-2698-g004){#bit26026-fig-0003}

Effect of KDEL Substitution and ColE3 Lysis Protein Co‐Expression on Relative Cell Killing by O‐T‐G‐PE38R Supernatants {#bit26026-sec-0018}
----------------------------------------------------------------------------------------------------------------------

Based upon previous studies that have shown that the REDLK C‐terminus of ToxA acts as a endoplasmic reticulum retention signal (Kihara and Pastan, [1994b](#bit26026-bib-0029){ref-type="ref"}; Seetharam et al., [1991](#bit26026-bib-0058){ref-type="ref"}), and other studies which have shown colicin‐based lysis proteins might enhance the ability of tumor‐targeted *Salmonella* effector genes (Bermudes et al., [2001a](#bit26026-bib-0003){ref-type="ref"}), we assessed these features alone and in combination. As shown in Figure [4](#bit26026-fig-0004){ref-type="fig"} there was a significant loss of activity when ToxA was modified into O‐T‐G‐PE38R (*P* = 0.04). However, the KDEL substitution for REDLK enhanced the cell‐killing ability of the O‐T‐G‐PE38R by greater than twofold (*P* = 0.017). The KDEL substitution for REDLK also increased the toxicity of O‐T‐G‐DIbR and O‐T‐G‐DIIIR constructs (data not shown). Furthermore, the addition of ColE3 lysis with KDEL showed an even greater ability of the cell culture supernatant to kill MDA‐MB‐468 cancer cells (*P* = 0.049), with a statistically significant (*P* \< 0.021) combined increase of O‐T‐G‐PE38R‐ColE3 Lysis compared to the wild type toxin, confirming that the cell‐killing ability of chimeric toxins can be improved by these genetic modifications in *Salmonella*.

![Relative culture supernatant toxicities of wild type ToxA and chimeric variants. **A)** The individual dose response curves for the wild type toxA, O‐T‐G‐PE38R, O‐T‐G‐PE38K, and O‐T‐G‐PE38K with the ColE3 lysis. Error bars represent SD Actual and logarithmic supernatant volumes are indicated on the *x*‐axis. **B)**. Comparison by volume (actual and log) of the supernatants required to achieve an IC50 against MDA‐MB‐468 tumor cells. The wild type ToxA, O‐T‐G‐PE38R, O‐T‐G‐PE38K, and O‐T‐G‐PE38K with the ColE3 lysis, were compared by the quantity (in μL) of supernatant required to achieve an IC~50~ against MDA‐MB‐468 tumor cells. Error bars indicate 95% CI. Brackets indicate comparisons that were made and the level of significance (asterisks) as well as the actual *P*‐value indicated below the bracket.](BIT-113-2698-g005){#bit26026-fig-0004}

Deletion Analysis of O‐T‐G‐PE38K {#bit26026-sec-0019}
--------------------------------

As the secretion of ToxA remains incompletely understood and there is some potential for growth suppression from TGFα in the MDA‐MB‐468 cell line despite the fact it is normally mitogenic (Wang et al., [1997](#bit26026-bib-0069){ref-type="ref"}), we sought to determine the relative contribution of each of the three N‐terminal components. Deletion analysis included ΔOmpA, Δ3GS, and ΔTGFα constructs, and the dose response curves were determined for each of the culture supernatants Figure [5](#bit26026-fig-0005){ref-type="fig"}. These results demonstrate substantial contributions from the OmpA and TGFα, with a smaller contribution from the flexible linker. Similar to the ToxA‐E553D construct shown in Figure [1](#bit26026-fig-0001){ref-type="fig"}, the O‐T‐G‐PE38K‐E533D lost all detectable activity, while the co‐expression of the ColE3 lysis protein increased the relative cytotoxicity of the O‐T‐G‐PE38K supernatant (also see Fig. [4](#bit26026-fig-0004){ref-type="fig"} for the effect of the ColE3 lysis protein).

![Deletion analysis of the O‐T‐G‐PE38K N‐terminal components and comparisons with the E553D substitution and the coexpression of the ColE3 lysis protein. Left Panel: Diagram of the parent O‐T‐G‐PE38K and variants. Right Panel: Dose responses from the constructs diagramed in the left panel were determined as relative percent survival of MDA‐MB‐468 breast adenocarcinoma cells following exposure to culture supernatants from VNP20009 expressing **A)** O‐T‐G‐PE38K, **B)** ΔOmpA (O‐T‐G‐PE38K with a deletion in OmpA), **C)** ΔTGFα (O‐T‐G‐PE38K with a deletion in TGFα), **D)** Δ3GS (O‐T‐G‐PE38K with a deletion of the 3GS linker), **E)** E553D (O‐T‐G‐PE38K with a glutamic acid to aspartic acid substitution at the amino acid corresponding to number 553 of the wild type ToxA), *n* = 2, and **F)** +ColE3 Lysis (O‐T‐G‐PE38K coexpressed with the ColE3 lysis protein). The experimental error is expressed as the SD.](BIT-113-2698-g006){#bit26026-fig-0005}

Specificity of the O‐T‐G‐PE38K Construct for EGFR‐Expressing Cell Lines {#bit26026-sec-0020}
-----------------------------------------------------------------------

Immunoblots using anti‐EGFR and anti‐GAPDH as a loading control confirmed that our cell lines had the expected expression levels of EGFR. As shown in the upper panel of Figure [6](#bit26026-fig-0006){ref-type="fig"}A, EGFR was highly expressed in MDA‐MB‐468, with a low level of expression by HeLa, and no detectable expression by H460. The anti‐GAPDH loading control blot showed constant levels of GAPDH among the cell lines (Fig. [6](#bit26026-fig-0006){ref-type="fig"}A lower panel). When culture supernatant from a *Salmonella* expressing ToxA was exposed to the different cell lines, all of them were sensitive and exhibited a high degree of cell killing (Fig. [6](#bit26026-fig-0006){ref-type="fig"}, center panel). However, when culture supernatant from a *Salmonella* expressing O‐T‐G‐PE38K was exposed to the same cell lines, those producing little or no EGFR (HeLa and H460, respectively) were less sensitive to O‐T‐G‐PE38K, while the MDA‐MB‐468 cell line that expresses high levels of EGFR had increased sensitivity (Fig. [6](#bit26026-fig-0006){ref-type="fig"}, lower panel). These results were further confirmed by analysis of cell number and mitochondrial polarity using Rhodamine 123 combined with Hoechst (Fig. [7](#bit26026-fig-0007){ref-type="fig"}). When MDA‐MB‐468 or HeLa cells were exposed to culture supernatant from a *Salmonella* expressing ToxA, a substantial loss of cells and of Rhodamine 123 staining occurred for both cell lines. However, when MDA‐MB‐468 or HeLa cells were exposed to culture supernatant from a *Salmonella* expressing O‐T‐G‐PE38K, MDA‐MB‐468 showed a high degree of sensitivity (Fig. [7](#bit26026-fig-0007){ref-type="fig"}), whereas the treated HeLa cells were similar to those treated with a culture supernatant from a *Salmonella* expressing an empty vector (no toxin) control. Quantification of the overall mitochondrial staining per cell using JC‐10 and Hoechst in the HeLa cell line at 18 h showed that ToxA resulted in a 55% reduction of mitochondrial signal (*P* = 0.0087) while there was no measurable loss in the cells treated with O‐T‐G‐PE38K. Although we could microscopically observe MDA‐MB‐468 cells with reduced mitochondrial signal due to ToxA and O‐T‐G‐PE38K treatments at 18 h using Rhodamine 123 (Fig. [7](#bit26026-fig-0007){ref-type="fig"}), there was no statistical significance in the JC‐10 staining, possibly due to the fact that many of the cells were already eliminated at that time and the remainder were a mixture of cells that had not yet responded with those that were loosing their mitochondrial signal. However, significant values were obtained at 22 h, where ToxA resulted in a 25% reduction (*P* = 0.0014) and O‐T‐G‐PE38K resulted in a 55% reduction (*P* = 0.0001) relative to the no toxin control. Overall, these results are consistent with ToxA exhibiting relatively non‐selective toxicity compared with O‐T‐G‐PE38K, which was selectively toxic to EGFR positive cells as previously established using purified toxin (Siegall et al., [1989a](#bit26026-bib-0059){ref-type="ref"}).

![Relative expression levels of epidermal growth factor receptor (EGFR) in different tumor cell lines and the relative sensitivities of those cell lines to culture supernatants of VNP20009 expressing either wild type ToxA or O‐T‐G‐PE38K. **A)** Immunoblot of whole cancer cell lysates using antibodies against either human EGFR or human GAPDH. **B)** Dose‐response curve of ToxA against H460 (●), HeLa (▪), and MDA‐MB‐468 (▴) cancer cells. **C)** Dose‐response curve of O‐T‐G‐PE38K against H460 (○), HeLa (□), and MDA‐MB‐468 (△) cancer cells. The experimental error is expressed as the SD.](BIT-113-2698-g007){#bit26026-fig-0006}

![Analysis of apoptosis induction in low‐level EGFR expressing (HeLa) and high‐level EGFR expressing (MDA‐MB‐468) cancer cells using Rhodamine 123 counterstained with Hoechst. Top Panel: HeLa cells treated with either no toxin (empty vector control), wild type ToxA (ToxA), or the O‐T‐G‐PE38K chimera. Bottom Panel: MDA‐MB‐468 cells with either no toxin, wild type ToxA, or the O‐T‐G‐PE38K chimera.](BIT-113-2698-g008){#bit26026-fig-0007}

Discussion {#bit26026-sec-0021}
==========

Attenuated *Salmonella* strain VNP20009 has a remarkable ability to colonize solid tumors and suppress tumor growth in mice, yet in humans there is no antitumor activity associated with colonization of melanoma tumors by the same bacteria (Toso et al., [2002](#bit26026-bib-0066){ref-type="ref"}), although it is possible there may be antitumor activity in other tumor types. In vitro, this attenuated *Salmonella* strain is able to locally induce apoptosis of tumor cells (Ganai et al., [2011](#bit26026-bib-0023){ref-type="ref"}) but its culture supernatant exhibits little ability to kill cancer cells (Swofford et al., [2014](#bit26026-bib-0063){ref-type="ref"}). Augmenting the ability to kill cancer cells by a secreted protein targeted to the tumor cells themselves might compensate for the lack of antitumor activity in humans. We anticipate that this approach will enhance the therapeutic index by lowering the effective dose while retaining the tolerability of the parent vector.

Many of the studies by Pastan and co‐workers utilized protein harvested from bacterial inclusion bodies that were then denatured and refolded (Siegall et al., [1989a](#bit26026-bib-0059){ref-type="ref"}). In those studies, comparison of naturally folded protein derived from the periplasm with refolded protein derived from inclusion bodies showed that the refolded protein is approximately 10‐fold more potent (Siegall et al., [1989a](#bit26026-bib-0059){ref-type="ref"}). In the context of a live tumor‐targeting *Salmonella* system, the process of achieving functionality of the proteins expressed must be carried out by the bacteria themselves. The ToxA chimeras that we constructed were selected from among a large range of forms previously investigated outside the context of a bacterial delivery vector (Weldon and Pastan, [2011](#bit26026-bib-0070){ref-type="ref"}), and modified as to accommodate their expression and release into the extracellular milieu by *Salmonella*, which we determined by assessing the cytotoxicity of culture supernatants.

The results of our study are consistent with the previous study by Swofford et al. ([2014](#bit26026-bib-0063){ref-type="ref"}) that demonstrated VNP20009\'s ability to express an active form of the *Pseudomonas* ToxA capable of killing cancer cells (Figs. 1 and 2). Our results further extend that study to include chimeric forms of ToxA. Of the three different forms we initially investigated, the culture supernatant of VNP20009 expressing O‐T‐G‐PE38R was the most active as determined by cytotoxicity (Fig. [2](#bit26026-fig-0002){ref-type="fig"}) and also the most potent based on the relative quantity of the toxin present in the culture supernatant (Fig. [3](#bit26026-fig-0003){ref-type="fig"}). The O‐T‐G‐DIbR construct resulted in the next highest degree of cell killing (Fig. [2](#bit26026-fig-0002){ref-type="fig"}), but this is likely due to the greater amount of protein produced (Fig. [3](#bit26026-fig-0003){ref-type="fig"}). Because of the superior potency of the O‐T‐G‐PE38R, we further investigated modulation of its toxicity. Substitution of the consensus endoplasmic reticulum retention signal KDEL for the naturally occurring REDLK is another previously explored modification (Kihara and Pastan, [1994b](#bit26026-bib-0029){ref-type="ref"}). This modification also enhanced the cytotoxicity of the VNP20009‐expressed chimeras (Fig. [4](#bit26026-fig-0004){ref-type="fig"}). N‐terminus deletion analysis of O‐T‐G‐PE38K that established the OmpA signal sequence and the TGFα ligand were necessary for toxicity, and that the flexible linker slightly enhanced activity (Fig. [5](#bit26026-fig-0005){ref-type="fig"}). This result is also consistent with the previous study that showed improved activity from a short flexible linker (Kihara and Pastan, [1994b](#bit26026-bib-0029){ref-type="ref"}). Toxicity was further enhanced by co‐expression of the ColE3 lysis protein. When expressed in VNP20009, these modifications result in a supernatant that is more active than the supernatant containing the wild type toxin.

The difference between an in vitro reconstitution of protein activity compared to in vivo delivery of active protein is underscored by the requirement for the OmpA signal sequence, since the OmpA sequence is not required for activity of the refolded protein but was completely necessary for activity to be obtained from a VNP20009 culture supernatant. Our initial studies also represent variation in the presence or absence of DIb in the O‐T‐G‐DlbR and O‐T‐G‐DIIIR constructs, neither of which was as active as the O‐T‐G‐PE38R, but were increased in cytotoxicity when REDLK was replaced with KDEL (data not shown).

In order to assess whether the *Salmonella*‐expressed O‐T‐G‐PE38K remained specific for EGFR‐expressing cell lines, we compared the relative toxicity of O‐T‐G‐PE38K and ToxA culture supernatants against cell lines that are known to either express little or no EGFR (HeLa and H460) compared with a high level EGFR expressing cell line (MDA‐MB‐468). Our results showed a correlation of cytotoxicity with the presence of EGFR for O‐T‐G‐PE38K, but not for ToxA (Fig. [6](#bit26026-fig-0006){ref-type="fig"}), consistent with the original studies using TGFα fusions (Siegall et al., [1989b](#bit26026-bib-0060){ref-type="ref"}). Staining of mitochondria with Rhodamine 123 was also consistent with selectivity for EGFR‐expressing cells (Fig. [7](#bit26026-fig-0007){ref-type="fig"}). Quantification of total mitochondrial signal per cell using JC‐10 and Hoechst were also consistent with general toxicity of *Salmonella*‐expressed ToxA, and relative selectivity of O‐T‐G‐PE38K for the EGFR positive cell line MDA‐MB‐468.

Use of live replication competent bacteria as experimental cancer therapeutics is an area of growing interest. Live *Salmonella* ([ClinicalTrials.gov](http://ClinicalTrials.gov) Identifier NCT01099631), *Listeria* ([ClinicalTrials.gov](http://ClinicalTrials.gov) Identifier NCT01598792; [ClinicalTrials.gov](http://ClinicalTrials.gov) Identifier NCT01675765; [ClinicalTrials.gov](http://ClinicalTrials.gov) Identifier NCT02002182), and *Clostridium* ([ClinicalTrials.gov](http://ClinicalTrials.gov) Identifier NCT01118819) all have current or recent FDA‐sanctioned human clinical studies in the cancer treatment setting. Results of the *Clostridium* trial have recently been published (Roberts et al., [2014](#bit26026-bib-0052){ref-type="ref"}) and demonstrated an anti‐tumor response. The preclinical studies of *Clostridium* also showed antitumor activity in a veterinary trial with pet dogs (Roberts et al., [2014](#bit26026-bib-0052){ref-type="ref"}) and an earlier study using *Salmonella* VNP20009 also showed significant antitumor activity in dogs with spontaneous neoplasms (Thamm et al., [2005](#bit26026-bib-0064){ref-type="ref"}). Continued success is likely to sustain interest in these novel therapeutic approaches.

Targeted toxins have also shown promise in the clinic (Kreitman et al., [2005](#bit26026-bib-0033){ref-type="ref"}, [2009](#bit26026-bib-0034){ref-type="ref"}). Limitations that have been identified include biodistribution properties and chimeric toxin neutralizing antibodies (Weldon and Pastan, [2011](#bit26026-bib-0070){ref-type="ref"}). Modifications that have been investigated to overcome these limitations has included releasable PEGylation (Filpula et al., [2007](#bit26026-bib-0021){ref-type="ref"}), which substantially increases the biodistribution. Tumor‐targeted bacteria offer alternative solutions to this and other problems as these bacteria readily travel through the blood, with a portion of them avoiding the innate immune system and taking up residence within the tumor where they then persist despite a subsequent systemic immune response. The immunoprivileged nature of tumors is thought to contribute to the persistence and tumor‐selective growth of the bacteria within the tumor (Bermudes et al., [2001b](#bit26026-bib-0004){ref-type="ref"}; Darveau, [1999](#bit26026-bib-0017){ref-type="ref"}; Low et al., [1999](#bit26026-bib-0039){ref-type="ref"}), including providing partial protection from antibody responses, and thus the effect of neutralizing antibodies against the chimeras within the tumors should also be diminished. Furthermore, targeted proteins delivered systemically have limitations for delivery deep inside of tumors, whereas the bacteria localize even within the necrotic regions and can produce therapeutic proteins directly in situ (Soghomonyan et al., [2005](#bit26026-bib-0062){ref-type="ref"}), which could overcome that limitation.

EGFR is a major target in cancer therapeutics because of its over‐expression in a number of cancer cell types, including breast, colon lung, head and neck, bladder, and brain cancers. Approved EGFR targeting cancer therapeutics include cetuximab, an antibody that is used in the treatment of metastatic colorectal cancer which binds EGFR and blocks EGFR signaling (Chu and DeVita, [2014](#bit26026-bib-0009){ref-type="ref"}) and gefitinib and erlotinib which are used in the treatment of non‐small cell lung cancer (NSCLC) and block EGFR signaling by specifically inhibiting EGFR tyrosine kinase activity. Targeting of EGFR by another bacterial anticancer agent, antibody targeted bacterial minicells, is a recently developed approach to treatment of EGFR‐expressing cancers (MacDiarmid et al., [2009](#bit26026-bib-0040){ref-type="ref"}). Unlike bacterial minicells however, live replication competent bacteria have the potential to persist in tumors for weeks, continuously producing an anticancer agent or stimulating immune responses, which may represent a significant therapeutic advantage. Furthermore, some *Salmonella* strains such as *Salmonella saintpaul* isolate (SstpNPG) can reach the brain and have been proposed as a vector for treating brain tumors (Mlynarczyk et al., [2014](#bit26026-bib-0042){ref-type="ref"}). This approach may be of special use since some brain tumors overexpress EGFR and may, therefore, be amenable to *Salmonella* expressing EGFR‐targeted therapeutics.

Our future investigations are expected to include efficacy studies of murine tumor models overexpressing EGFR treated with VNP20009 expressing O‐T‐G‐PE38K and other targeted constructs. It will be of interest to evaluate the effect that the presence of this targeted toxin has on the therapeutic index. New chimeric proteins are also of interest for their potential to expand the therapeutic index and/or to target other receptors or achieve tumor cell specificity through other means. By targeting more than one weakness of tumor cells, development of resistance could be minimized. The capacity of bacterial vectors to express more than one effector gene makes this possibility of particular importance.
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